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RESEARCH MEMORANDUM 


EFFECT OF IMMERSED SURFACES IN COMBUSTION ZONE ON 


S EFFICIENCY AND STABILITY OF 5-INCH-DIAMETER 
co 
RAM-JET COMBUSTOR 
By Thaine W. Reynolds and Donald W. Male 
SUMMARY 
An extension of previous work on immersed surfaces in the combus- 

tion zone of a ram-jet engine is reported. It is shown that when a 
“ብ single blade is mounted. perpendicular to and downstream of a V-gutter 
A flame holder in a 5-inch-diameter ram jet, the performance of the ram 
Q jet is markedly affected by the axial position of the blade. At an 


inlet pressure of 1 atmosphere, an inlet velocity of 220 feet per 
second, an inlet temperature of 660° R, and an equivalence ratio of 1.0, 
it is possible to increase the combustion efficiency of the ram jet from 
60 percent to 80 percent by proper location of the blade. However, the 
stability of the system without auxiliary piloting is poorer with the 
blade present. The higher combustion efficiency is obtained with con- 
siderably less pressure drop than was encountered in a previous inves- 
tigation with & multiple-blade arrangement that gave high efficiencies. 
A small amount of continuous pilot heat can effect large improvements 

in stability limits. 


Lj 


INTRODUCTION 


One of the basic advantages attributed to the ram-jet combustor is 
its mechanical simplicity. However, a certain amount of hardware must 
be incorporated in the combustor in order to stabilize a flame and have 
it propagate through the high-velocity combustible mixtures flowing 
through the ram jet. 


The basic types of flame holders currently found to be suitable 
are the can and simple baffle, such as the V-gutter. The can flame 
holder provides & greater control of the combustion progress through 
the engine, but usually has a larger pressure drop and more complicated 
construction than the simple baffle-typo flame holders. The baffie 
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flame holder, while permitting a comparable stability regime with less 
pressure drop, maintains essentially no control over the subsequent 
mixing and flame-spreading process beyond its normal wake region. 


The use of flame-immersed surfaces offers a means of retaining the 
mechanical simplicity and low pressure losses of the gutter flame-holder 
system while achleving some meagure of control of the mixing in the com- 
bustion zone, Reducing the pressure losses of the combustor with flame- 
immersed surfaces below those of reference 1 would be particularly 
advantageous in an afterburner application, for example, since the ad- 
ditional drag accompanying the added immersed surface during nonburning 
operation would be relatively small. 


It was shown in reference ጊ that the introduction of immersed sur- 
faces in the combustion zone downstream of a single V-gutter flame 
holder improved both the combustion efficiency and stability over those 
obtained with the gutter alone. The improvement in efficiency was ob- 
tained through increased mixing of hot combustion products with incoming 
combustible mixture, since the effects of temperature of the surfaces 
was of secondary importance. The blades used in the investigation of 
reference 1 were placed so that they would not interfere with the normal 
recirculation zone of the V-gutter. However, the increased efficiencies 
were obtained at the expense of somewhat larger pressure drops than those 
obtained with the gutter alone. 


The present investigation was undertaken to determine the effect 
on combustion efficiency and stability of blades located within the 
immediate wake of a V-gutter flame holder and, if possible, to find some 
location and orientation of blades for optimum combustion efficiency 
and improved stability limits with a minimum of pressure loss. 


The experimental work was performed with a 5-inch-diameter 
connected-pipe ram jet at the NACA Lewis laboratory. 


APPARATUS 


The connected-pipe setup used in this investigation is shown sche- 
matically in figure 1. Electrically preheated and metered air at 40 
pounds per square inch gage pressure was supplied to the inlet of the 
tank containing the air-control unit. Air mass flow was controlled by 
maintaining choked flow through the air-control unit shown in the insert 
of figure 1 and exposing a sufficient number of holes in the sliding 
plates to obtain the desired mass flow. Fuel was introduced through an 
air-atomizing spray bar at the diffuser inlet. 


The fuel-air mixture passed through the 10-foot-long diffuser, 
where sufficient time was available for vaporizing and mixing, and was 
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ignited by a hydrogen-oxygen pilot flame located behind the flame holder. 
The flame holder was a Je: by 15-inch V-gutter extending across a di- 


ameter and blocking about 38 percent of the combustor cross-sectional 
area. The combustion chamber, a 5-inch-diameter water-cooled pipe 
section, was 36 inches long. Two different burner spool sections were 
used, as shown in figure 2(a) and (b). The blades, which were 13/16- 
by 55- by 1/8-inches, were made of molybdenum coated with molybdenum 
disilicide and were cantilever-mounted in the combustor through pipe 
flttings. The various configurations investigated are indicated in 
figure 2(c). The static-pressure drop vas measured by a mercury manom- 
eter connected from the inlet pressure tap in the combustor wall upstream 
of the flame holder to the similar downstream tap at the exhaust end of 
the combustion chamber. 


A variable-area exhaust nozzle controlled the burner-inlet pressure. 
In order to cool the combustion products to 1060° R and quench the re- 
action, water was introduced through two air-atomizing spray bars just 
downstream of the exhaust nozzle. The equilibrium exhaust-gas temper- 
atures were measured by an array of thermocouples located about 15 feet 
farther downstream. The combustion efficiency was then calculated by 
an enthalpy balance. 


PROCEDURE AND CALCULATION 


The procedure used in obtaining the test data was as follows: The 
air mass flow and temperature were set at a predetermined value. The 
burner was ignited and the fuel flow set at some value in the stable 
burning regime. The pilot was turned off before recording data. The 
inlet pressure was then set at the desired operating point by adjusting 
the variable-area exhaust nozzle. The guench-water flow rate was set 
so that the exhaust-gas temperature was maintained at about 1060° R. 


The combustion efficiency was then calculated by the following 


equation: 


_ AH, + AH, + AH; 


EJE (1) 


ኻ combustion efficiency 


AH, enthalpy rise of water used to quench exhaust gases, Btu/1b 
original air 
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AH, enthalpy rise of exhaust gases, Btu/lb original air 

AH; enthalpy rise of cooling Jacket water, Btu/lb original air 
Ec lower heat of combustion of fuel, Btu/lb 

f/a weight fuel-&ir ratio 


and where for mixtures richer than stoichiometric, 
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AH, = AH, + | (2/8), - (፻/)ፊ] Ln, + Geff - T4)] (2) 


AH, enthalpy rise of stoichiometric mixture, 852/15 original air 
(Giel, actual weight fuel-air ratio 


(f/a), stoichiometric weight fuel-air ratio 


Ly latent heat of vaporization of fuel, Btu/lb 
T4 inlet mixture temperature, OR | 
Cp mean heat capacity of fuel, Btu/lb, value of 0.5 assumed for 
this report 
Es temperature of exhaust gas,°R 


In this method of determining combustion efficiency, where the re- 
action products are cooled rapidly to a low temperature, the composition 
Of the exhaust gas is probably frozen at its equilibrium composition at 
the combustor exit. In this case, the measurable amount of sensible 
heat in the exhaust gas is less than the net heating value of the fuel 
by the amount tied up in the dissociated products. This dissociation 
enthalpy may amount to about 7 percent of the lower heating value at 
stoichiometric conditions (ref. 2). The combustion efficiencies re- 
ported herein include no correotion for this effect. 


The procedure used in obtaining the stability limits was to set 
the burner operating in the stable range with the pilot off as mentioned 
before, and then to reduce fuel flow slowly while maintaining the burner- 
inlet pressure constant until the burner went out. In the cases where 
piloting was maintained, the stability limits reported are not blow-out ሠ 
limits but merely the limits of stable burning. Without piloting, there 
was no region of unstable burning, and the stability limits reported 
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are blow-out limits. The minimum pressure points were obtained by hold- 
ing the fuel flow constant and slowly lowering the burner-inlet pressure 
until the flame blew out or the nozzle was wide open and a choking con- 
dition existed. 


The combustion efficiency and stability limits were determined for 
the following series of configurations shown in figure 2(c): (1) a 
single blade mounted perpendicular to the V-gutter at several axial 
positions, (2) a single blade parallel to the V-gutter at several axial 
positions, (3) a single blade perpendicular to the V-gutter at several 
axial positions and blade angles, and (4) a four-blade arrangement con- 
sisting of one perpendicular blade at the l-inch position and three 


parallel blades at the 25-, 4-, or 54-inch positions. 


RESULTS AND DISCUSSION 


The data obtained in this investigation and discussed herein are 
presented in table I. 


Ihe results of the combustion-efficiency measurements on the series 
of single perpendicular blade arrangements at inlet pressure of 1 atmos- 
phere, temperature of 660º R, and inlet velocity of 220 feet per second 
are ghown in figure 5, where combustion efficiency is plotted against 
equivalence ratio for several axial positions of the blade. The ends 
of these curves do not necessarily mean blow-out was reached. In some 
instances, only the combustion efficiency near stoichiometric was of 
interest, and the complete equivalence-ratio range was not investigated. 
It will be noted that two different burner spools were used, and the 
combustion efficiency of the V-gutter alone was about 4 percent higher 
for spool II than for spool I. The greater number of openings in spool 
II apparently created more flow disturbances than the relatively smooth 
surface of spool I and thereby caused the slightly higher combustion 
efficiencles. In subsequent figures, however, the efficiencies obtained 
with either spool are plotted as determined. 


A cross plot of the combustion efficiency at an equivalence ratio 
of 1.0 against axial location of the blade is given in figure 4. This 
curve shows the marked effect of blade positioning on the combustion 
efficiency. ልኳ increase of nearly 20 percentage points in combustion 


efficiency was obtained for the blade located 27 inches from the gutter 


over the combustion efficiency of the V-gutter alone. Approaching too 
close to the flame holder apparently disturbs the normal wake region 
and can cause deleterious effects on the performance, since a slight 
drop in combustion efficiency was noted at the l-inch blade position. 
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Although the blades were not cooled, they never reached temperatures 
much above about 2000° R. ‘Thus, though the blade may be serving as a 
sink for heat or active particles, it is apparently also providing an 
intensive mixing zone downstream and is promoting greater flame 
spreading. 


The blade close to the gutter also strongly affected the stability 
limits. Figure 5 shows the fuel-air-ratio limits of stable operation as 
a function of the inlet pressure for several of the same configurations 
as shown in figure 4. The inside of the loop represents the operable 
region; and the outside, the nonoperable region. The V-gutter alone had 
the widest operable fuel-air-ratio range for a given pressure and the 
lowest operable pressure. As a blade was inserted and moved toward the 
flame holder, the operating range was decreased markedly. The operating 
range may be quite narrow at an inlet pressure of 1 atmosphere with the 
blade positioned closer to the gutter than 4 inches. This was indeed 
the case, and on some occasions no operation could be obtained with the 
blade close to the gutter without auxiliary piloting. This sensitivity 
was undoubtedly a result of variation in the steadiness of the air 
supply from one day to another. Comparative plots, however, were all 
taken during a single operating period whenever possible, so that con- 
sistency in the comparisons is maintained. _ 


Reference 1 showed that twelve blades positioned for mixing in- 
creased the combustion efficiency over that of the V-gutter alone by 
about ¿0 percentage points at an inlet pressure of 1 atmosphere, an 
inlet velocity of 220 feet per second, an inlet temperature of 660° R, 
and an equivalence ratio of 1.0. The results of the present investi- 
gation show that a single blade, properly located, can increase the 
combustion efficiency by the same amount, and at the same time introduce 
& pressure drop across the burner which 18 considerably less than that 
incurred by the multiple-blade arrangement of reference 1. However, 
this result is achieved with a smaller stability range than was obtained 
with the V-gutter, while the multiple-blade arrangement had a greater 
stability range than was obtained with the V-gutter alone. Figure 6 
shows & comparison of the static-pressure drop of the single-blade con- 
figuration and the 12-blade configuration (table II), along with the theo- 
retical pressure losses resulting from heat addition in a constant-area 
duct with two different values of friction pressure loss upstream of the 
region of heat addition. These friction pressure losses are expressed 
in terms of Ap/q or the ratio of total-pressure drop to inlet dynamic 
head. The pressure drop for comparable efficiencles was considerably 
less for the single-blade configuration. The effect that pressure drops 
of this order of magnitude would have on the specific fuel consumption 
of an engine will depend upon the flight conditions the engine will en- 
counter. Analysis for an afterburner case indicated that a change in 
flame-holder friction pressure loss Ap/q from 1 to 5 can be equivalent 
to losses in combustion efficiency of 6 percent and greater. 
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Since reference 1. also showed that considerable improvement in 
stability limits could be obtained with multiple blades placed parallel 
to the V-gutter, it was desirable to investigate the possibility of using 
a single parallel blade to produce this same effect also. Figure 7 shows 
the pressure against equivalence-ratio curve for the V-gutter alone and 
for three axial positions of & parallel-mounted blade. It is seen that 
no effect on stability limits resulted from these variations. Although 
the data are not presented herein, there was no effect for these varia- 
tions on combustion efficiency, either. 


The effect of varying the angle of attack of the blades mounted 
perpendicular to the V-gutter was also investigated. The angle of attack 
is here defined as the smallest angle between the axis of the burner and 
the flat side of the blade (Pig. 2(c)). Figure 8 shows the effect of 
varying the blade angle on combustion efficiency for several biade posi- 
tions, and figure 9 shows the effect of the blade angle on stability 


limits Por the blade mounted at 25 inches. As the blade intercepts more 


of the stream, up to an angle of about 209, the combustion efficiency is 
increased. Beyond this angle any further effect is slight. Similarly, 
as the blade angle is increased, the stability limits are decreased. The 
limits and efficiency level-off at about the same positioning of the 
blade. 


Since it was shown that one blade, properly located perpendicular to 
the axis of the V-gutter, could markedly increase the combustion effi- 
ciency, and since it has been shown in reference 1 that several blades 
oriented parallel to the V-gutter increase the stability, it was thought 
that some combination of parallel and perpendicular blading might improve 
both the efficiency and stability without prohibitively increasing the 
pressure drop. Obviously, & large number of variations is possible, and 
only comparatively few were investigated. In figure lO the combustion 
efficiencies of two configurations are compared with that of the V-gutter 
alone. A combination of one perpendicular blade at the l-inch position 


and three parallel blades at the 2i., á=, and 55-inch positions (fig. 


2(c)) had & combustion efficiency &bout 16 percentage points higher than 
that attained with the V-gutter alone at an inlet pressure of 1 atmos- 
phere, an inlet velocity of 220 feet per second, an inlet temperature of 
6609 R, and an equivalence ratio of 1.0. At the same conditions, a single 
blade at the 4-inch position had a combustion efficiency about 18 per- 
centage points higher than that attalned with the V-gutter. A comparison 
of the stability limits of these same configurations (fig. 11) shows that 
the configuration with four blades, while not as stable as the V-gutter 
alone, has improved limits over the single-blade configuration. 


Pressure fluctuations imposed upon a burner may be either attenuated 


or amplified, according to reference 5. The tendency to amplify pressure 
fluctuations (and, therefore, probably to decrease stability) increased 
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with temperature ratio across the burner and with lower-pressure-loss 
flame holders. This amplification tendency may be the reason that the 
high-efficiency, low-pressure-loss single-blade configuration is less 
stable than the V-gutter, while the high-pressure-loss multiple-blade 
configuration is more stable than the V-guiter. 


The stability limits reported herein have all been with no auxiliary 
piloting. The stability limits may be improved considerably by main- 
taining a small amount of piloting in the sheltered zone (table III). 
Figure 12, for example, shows the marked improvement in stability possi- 
ble with pilot heats equal to 0.7 and 1 percent of the net heating value 
of the stoichiometric fuel-flow rate with the V-gutter alone and with the 


gutter plus one perpendicular blade at the 55-inch position. The sta- 


bility curves shown for the piloted case are not blow-out limits but 
merely rough-burning limits, while the nonpiloted curves are blow-out 
limits. The V-gutter with only 0.7-percent pilot heat operated stably 
at choking conditions and 0.3 atmosphere, whereas the minimum operabie 
pressure without pilot was about 0.46 atmosphere. 


An increase in pilot heat to 1 percent widened the smooth-burning 
range considerably. <A similar increase in the stable-burning range was 
noted for the gutter-plus-blade configuration (fig. 12(b)), where without 
pilot the lowest operable pressure was about 0.67 atmosphere, and with 
0.7-percent pilot the burner was still operating smoothly at a choked 
condition at 0.57 atmosphere. 


The results reported herein were all taken with cooled combustor 
walls and with blades that, while not internally cooled, never got much 
above about 2000° R, since they were mounted in the cooled spool section 
and lost heat by conduction. It is possible that the stability and 
efficiency effects of these blades might be altered if the surfaces were 
allowed to approach Plame temperature. 


SUMMARY OF RESULTS 


The following results were obtained in a 5-inch-diameter ram-jet 
combustor with various arrangements of flsme-immersed surfaces: 


1. A single blade mounted. perpendicular to and downstream of the 
V-gutter had a marked effect on the stability and efficiency of the burn- 
er, depending on its axial location. 


2. The seme increase in combustion efficiency was obtained with a 
single blade as had been obtained previously with a multiple-blade con- 
figuration, with a resulting considerably smaller pressure loss. 
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5. The highest combustion efficiency with a single flame-immersed 


blade was obtained with the blade at a position 22 inches from the gutter. 
With this configuration, the combustion efficiency was about 80 percent; 
whereas the combustion efficiency was about 60 percent without the flame- 
immersed. blade. 


4. As a single blade mounted perpendicular to the flame holder 
approached the flame holder, the stability limits without auxiliary 
piloting became poorer. 


o. A single blade mounted parallel to the V-gutter had no effect on 
the stability limits or efficiency at any of the locations investigated. 


6. A small amount of continuous pilot heat effected large improve- 
ments in stability limits. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, March 22, 1954 
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TABLE I. - SUMMARY OF PERFORMANCE DATA 


Blow- |Static- 


Inlet 


Air 


flow, |static out pressure 
1b/ sec |pressure, drop, 
atm Ap, 

in. Hg 


“Minimum pressure. 
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TABLE I. - Continued. 


SUMMARY OF PERFORMANCE DATA 


flow, |static 
1b/sec pressure, 
atm 


V 


-Gutter and one perpendicular blade at l-in. position; spool 1 


1.0 


V 


1.0 


TABLE 1. 


“Minimum pressure. 
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TABLE I. 
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1b/sec pressure, 
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TABLE I. - Continued. SUMMARY OF PERFORMANCE DATA 


|inlet 
static 


Air 
flow, 
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11.5-in. position; spool II 
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TABLE I. 


flow, 
1b/sec pressure, 
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TABLE I. - Concluded. SUMMARY OF PERFORMANCE DATA 


Static- 
pressure 
drop, 
Ap; 
ln. Hg 


lnlet 
Static 


V-Gutter and one perpendicular blade at l-in. position and three 
parallel blades at 2.5-, 4-, and 5.5-in. positions; spool I 
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TABLE II. - PRESSURE DROP DATA ON 


CONFIGURATION VII OF REFERENCE 1 


Equiv- Temper- | Combustor 
alence ature efficiency, 
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TABLE III. - PERFORMANCE DATA WITH PILOT HEAT VARIATION 


static 
pressure, 
atm 


“With pilot, limits are smooth-burning limits, not actual 
blow-out; nonpiloted points are actual blow-outs. 
"Press." is minimum pressure. 


botill burning; choked condition with exhaust nozzle 
wide open. 
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TABLE III. - Concluded. PERFORMANCE DATA WITH PILOT HEAT VARTATION 


Air Inlet 

flow, {static 

1b/sec pressure 
atm 
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“With pilot, limits are smooth-burning limits, not actual 
blow-out; nonpiloted points are actual blow-outs. 
"Press." is minimum pressure. 

Pétill burning; choked condition with exhaust nozzle 
wide open. 
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Figure 2. - Details of burnor configurations investigated. 
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Figure 2. - Continued. Details af burner configurations investigated. 
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l Single perpendicular 
blade 


Instrumentation 
and mounting 


strips Single parallel blade 


Single perpendicular blade 
at angle of attack 


N. 
`. Four-blade configuration 
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CD-3524 


(c) Blade arrangements (dimensions in inches). 


Figure 2. - Concluded. Details of burner configurations investigated. 
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(a) Burner spool I. 
Figure 5. - Combustion efficiency of V-gutter alone and in combination with a single blade 


perpendicular to gutter at several axial locations. Inlet static pressure, 1 atmosphere ; 
inlet mixture temperature, 6600 R; inlet velocity, 220 feet per second. 
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(b) Burner spool II. 


Figure 3. - Concluded. Combustion efficiency of V-gutter alone and in com- 
bination with a single blade perpendicular to gutter at several axial 
locations. Inlet static pressure, 1 atmosphere; inlet mixture tempera- 
ture, 660° R; inlet velocity, 220 feet per second. 
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Figure 4. - Effect of axlal position of single blade perpendicular to V-gutter flame holder on combustion 
efficiency of 5-inch-dismeter ram-jet combustor. Equivalence ratio, 1.0; inlet pressure, 1 atmosphere; inlet 
temperature, 660° R; inlet velocity, 220 feet per second. 
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Combustor-inlet pressure, atm 
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Figure 5. - Effect of axial position of single blade perpendicular to V-gutter flame 
holder on stability limit of 5-inch-diameter ram-jet combustor. Inlet temperature, 
660° R; inlet velocity, 220 feet per second. 
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Figure 6. - Effect of total-temperature ratio on over-all stetíc-preasure drop of burner 
| Yor single perpendicular blade and multiple-blade configuration compared with theoret- 
ical pressure drop for heat addition alone in constant-area duct. 
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Figure 7. - Effect of axial position of single blade parallel to V-gutter flame holder 
on stability limit of 5-inch-diameter ram-jet combustor. Inlet temperature, 660º R; 
inlet velocity, 220 feet per second; burner spool I. 
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Figure 8. - Effect of blade angle of attack of single blade perpendicular to flame holder on combustion efficiency of 5-1nch- 
diameter ram-jet combustor. Inlet static pressure, 1 atmosphere; inlet temperature, B60º R; inlet velocity, 220 feet per 
Becond; equivalence ratio, approximately 1.05; burner spool I. 
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Figure 9. - Effect of blade angle of attack of single blade perpendicular to V-gutter 
flame holder, 4 inches downstream, on stability limit of 5-inch-diameter ram-jet 
combustor. Inlet temperature, 660º R; inlet velocity, 220 feet per second; burner 
spool I. 
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Figure 10. - Comparison of effect on combustion efficiency of single-blade and 
four-blade configuration. Inlet static pressure, 1 atmosphere; inlet temper- 
ature, 660° R; inlet velocity, 220 feet per second; burner spool I. 
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Figure 11. - Comparison of effect on stability limits of single-blede end four-blade. 
configuration. Inlet temperature, 660º R; inlet velocity, 220 feet per second; burner 
spool I. 5 
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(a) v-Gutter alone. 
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Figure 12. - Effect of pilot heat on stability limits of 5-inch-diameter ram- jet combustor. 


Inlet temperature, 6609 R; inlet velocity, 220 feet per second; burner spool I. 
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(b) V-Gutter plus one perpendicular blade at 54-inch position. 


Figure 12. - Concluded. Effect of pilot heat on stability limits of 5-inch- 
diameter ram-jet combustor. Inlet temperature, 660? R; inlet velocity, 
220 feet per second; burner spool I. Pilot heat is expressed as percentage 
of net heating value of fuel at stolchiomettic fuel-flow rate. 
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